Introduction
The past few decades have witnessed a huge development in lithium ion batteries (LIBs), owing to a great requirement of energy storage, 1 generating some problems at the same time, such as the lack of lithium resource, and the battery capacities falling far short of practical demands.
2 However, sodium resources are inexhaustible around the world. Sodium is located beneath lithium in the periodic table, which means that sodium has numerous similarities with lithium in chemical and physical properties. Given this background, sodium has emerged as a prospective charge-carrier material for chargeable batteries. To date, intercalated layered cathode materials, such as layered oxides (Na x MO 2 (ref. In comparison with these types of cathode materials, conversion reaction compounds, 8 such as MX n (M ¼ transition metal, X¼ F, S), exhibit even higher theoretical specic capacities, which benet from their advantage of having the ability to transfer multiple electrons per formula unit. Among these candidates, iron triuoride (FeF 3 ) has attracted considerable interest in cathode materials for LIBs and sodium ion batteries (SIBs) due to its high theoretical specic capacity ($712 mA h g
À1
) and higher operational voltage (average $2.74 V vs. Na/Na + ), which results from the higher ionicity of Fe-F bonds.
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However, its commercial application as a high-capacity cathode material in LIBs and SIBs has been hampered by its low electronic conductivity, 13 resulting from its large band gap (about 5.96 eV) 14 and very poor capacity fading as the cycling proceeds, which results from the pulverization of this material due to a 41-57% volume expansion upon discharging (lithiation).
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In order to overcome these problems of FeF 3 , different types of carbonaceous materials, 16 such as graphite, 17 acetylene black, 18, 19 reduced graphene oxide, 20 carbon nanotube, 21, 22 and graphene, [23] [24] [25] [26] have been used to obtain composites with FeF 3 nanostructures, which can accelerate the reaction kinetics due to shortened electron and iron diffusion distances, and relieve pulverizations due to volume expansion. 32 This implies that uoride amorphization, along with defect generation or strain relief is of importance for improving the ion storage performance, 32 which may result from a new structure being reconstructed from the amorphous structure during the charge/discharge process, with this new structure being more in favor of ion diffusion in the electrode materials. Herein, we have successfully designed and prepared amorphous iron triuoride nanoparticles anchored in a highly-graphitized porous carbon framework via a novel vapor-solid uoridation reaction and dehydration reaction, using carbonized Fe-MOFs as a precursor. 36 The synthesized amorphous FeF 3 composite with graphitic carbon framework exhibited signicantly improved electrochemical performance, showing high reversible capacity, capacity retention, and rate capability. The current synthesis strategy of using the carbonized Fe-MOFs as a precursor can be applied to other materials synthesis. furnace under a ow of argon gas (150 mL min À1 ). Aer naturally cooling to room temperature, the FeF 3 /C nanocomposites were obtained. The FeF 3 /C nanocomposites at various carbonization conditions were prepared according to the above experimental process: FeF 3 /C-500-3 h from the precursor of 500 C carbonization for 3 h, FeF 3 /C-600-3 h from the precursor of 600 C carbonization for 3 h, FeF 3 /C-700-3 h from the precursor of 700 C carbonization for 3 h, FeF 3 /C-700-5 h from the precursor of 700 C carbonization for 5 h.
Experimental

Material characterization
XRD patterns were characterized using a PANalytical B.V. Lelyweg 1, 7602 EA X-ray diffractometer (Cu K a 426 radiation source). The morphologies and particle sizes of the sample were investigated by eld emission scanning electron microscopy (FESEM JSM-6610) and transmission electron microscopy (TEM JEM-2100). The sample carbon content was quantied by thermogravimetric analysis (TGA). TGA was conducted in air between 40 C and 700 C at a heating rate of 10 C min À1 using a NETZSCH TG 209 F3 instrument.
Electrochemical measurement
CR2032-type coin cells were assembled in an argon-lled glovebox. Positive electrodes were fabricated by mixing FeF 3 /C composites, carbon black (Super P, Timcal), and polyvinylidene uoride (PVDF) binder in a 7 : 1.5 : 1.5 weight ratio in N-methylpyrrolidone (NMP, Aldrich) as the solvent. The electrode material mixtures were coated onto aluminum foil, dried at 80 C for 12 h under vacuum, and then punched. The slurry was coated onto Al foil with mass a loading of about 1. the obtained iron triuorides were treated with crystal water. Finally, the FeF 3 /C nanocomposite was obtained from these iron triuorides/carbon nanocomposites with crystal water through a dehydration process at 170 C for 3 h. In this case, H 2 bdc was employed as a carbon source to generate a nanoporous carbon framework for hosting the FeF 3 nanoparticles (NPs). This can avoid the nanoparticle aggregation and is benecial to the cycle and rate performance of electrode materials. Fig. 1a -c show the scanning electron microscopy (SEM) images of the hydrothermally as-prepared Fe-MOFs. As is clearly shown in these SEM images at low magnication, these needle-shaped Fe-MOFs have a good dispersibility (Fig. 1b) and uniformity (Fig. 1a) . In addition, from the SEM image at high magnication (Fig. 1c) , the size of Fe-MOFs was observed to be about 500 nm long and 80 nm wide. Therefore, we can see that the morphology and size of the as-prepared Fe-MOFs are very similar to that of the materials presented in previous studies. 35 Furthermore, the crystal structure of the Fe-MOFs was examined by X-ray diffraction (XRD) (Fig. 1d) . It can be seen that the XRD patterns of Fe-MOFs can be consistent with MIL-88B-Fe (MIL ¼ Materials from the Lavoisier Institute), which could be indexed to the hexagonal space group as P-62c. 35 The formula of MIL-88B-Fe is Fe 3 O(H 2 O) 2 Cl(BDC) 3 $nH 2 O. In the MIL-88B frameworks, the iron ions are located in an octahedral coordination environment, which is made up of four oxygen atoms from the bidentate dicarboxylates of benzenedicarboxylic acid.
The chain of the MOF net was formed by alternately connecting the iron ions with the benzenedicarboxylic acid, as shown in Fig. S1a (ESI †) .
The structural characterizations and phase purity of the obtained Fe 3 O 4 precursors at different annealing temperatures were conrmed by X-ray diffraction (XRD), as shown in Fig. 2a . The XRD proles of three materials can be consistently indexed to the crystal structure of Fe 3 O 4 (JCPDS no. 26-1136), which is the cubic space group Fd-3m. The sharp peaks imply the wellcrystallized nature of the precursors, and no other signicant Fig. S2 (ESI †). It can be seen that the primary needle-shaped morphology was destroyed and a new structure was formed, which may be attributed to structure contraction and reconstitution during a high-temperature carbonization process. However, the initial frame structure of Fe-MOFs can be maintained, as is clearly shown in the TEM and SEM images of its counterpart iron uoride nanocomposites (Fig. 3) . Fig. S2b (ESI †) shows a typical high-magnication SEM image of FeF 3 /C-700-3 h nanocomposites. Combined with the counterpart TEM images of FeF 3 $3H 2 O/C-700-3 h (Fig. 3) , there is clearly a large number of little particles anchored in the porous carbon framework, generated from the carbonization of the organic carbon chain, which can constitute a good conductive network. The Fe 3 O 4 /C nanocomposites changed into iron triuoride with crystal water nanocomposites aer the uoridation process. The constitution of these products can be determined by XRD measurement. The typical XRD pattern (Fig. 2b) identied the iron triuoride with crystal water as the tetragonal phase (P4/n space group) of FeF 3 $3H 2 O (JCPDS no. 32-0464). Aerward, through a dehydration process, the FeF 3 $3H 2 O/C nanocomposite turned into amorphous FeF 3 /C nanocomposite, which can be conrmed from XRD patterns (Fig. 2b) . 37 In order to reveal the particle size and morphology of the products, SEM measurements were also carried out, as shown in Fig. 3a and b. It can be seen from SEM images that FeF 3 $3H 2 O/C-700-3 h nanocomposites show a branch-like morphology, resulting from the carbonization reconstitution of the needle-shaped Fe-MOFs, the structure of which can favor the improvement of electrochemical performance of the electrode materials. This unique structure is expected to improve the electrochemical performance of FeF 3 as cathode materials for SIBs from three aspects: rst, the highly-graphitized carbon framework can construct a conductive network for the insulated FeF 3 nanoparticles to improve its electrochemical performance; 21 second, the porous structure of the carbon framework favors the permeation of electrolyte, 38 thus promoting the reaction kinetics of the FeF 3 electrode; 39 nally, the branch-like framework can buffer the volume change during the charge/ discharge process.
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The detailed structures of typical samples were further studied using the TEM technique. In view of the morphology being invariable aer dehydration (Fig. 3e and f) and the amorphous structure of the nal product FeF 3 , we only studied the TEM images of FeF 3 $3H 2 O/C nanocomposite before dehydration, as shown in Fig. 3c and d. Fig. 3c reveals the branchlike highly-graphitized porous carbon frameworks embedded with FeF 3 nanoparticles, which were derived from the carbonization of Fe-MOFs. It can be seen that some FeF 3 nanoparticles aggregated and formed nanoclusters in the carbon framework, and the others dispersed into the carbon framework. The highresolution TEM (HRTEM) image shown in Fig. 3d more clearly displays that the porous carbon presents a very high degree of graphitization, and FeF 3 nanoparticles are perfectly encapsulated by the framework of carbon. This HRTEM image clearly shows lattice fringes with a d-spacing of 0.55 nm, which are assigned to the (110) phase of the FeF 3 $3H 2 O crystal structure, in agreement with the XRD result. It can be noted that there are some other narrow lattice fringes, which cannot be assigned to the phase of FeF 3 $3H 2 O, which may result from the crystal water being broken away and the crystal structure being reconstructed when the transmission electrons are passing through the FeF 3 $3H 2 O crystals. As shown in Fig. S3a (ESI †) , the HRTEM image of FeF 3 $3H 2 O/C-700-3 h nanocomposites showed the distribution of iron uoride particles in the carbon framework and the crystallization state of graphitized carbon. It can be seen that the framework carbon has a high crystallinity and uniformity.
The carbon mass content of the as-synthesized FeF 3 /C-700-3 h nanocomposites was measured by thermogravimetric analysis (TGA), as shown in Fig. S3b (ESI †) . In detail, the small weight loss below 120 C could be attributed to the evaporation of moisture or gaseous content in the sample. The weight loss took place mainly between 120 C and 500 C, which should be ascribed to the combustion of carbon and the conversion reaction from FeF 3 to Fe 2 O 3 . 37 The total weight loss is observed to be 51.50%. According to the TG curve and the nal residue (Fe 2 O 3 ) , the weight percentage of FeF 3 active materials in the sample was estimated to be about 67.53%. To conrm the oxidation states of iron, X-ray photoelectron spectroscopy (XPS) spectra were recorded, conrming the presence of the main four elements (Fe, F, and C). The XPS spectrum of F 1s is illustrated in Fig. S3c (ESI †) . It is clear that the peak is located at about 685.0 eV, which suggests the presence of the Fe 3+ -F bond. 37 As shown in Fig. S3d (ESI †) , the XPS spectrum of the Fe 2p3/2 region shows a peak at about 713.6 eV, which suggests the +3 oxidation states of iron in the materials. 37 These results conrm the products as FeF 3 and further ascertain the composition of the amorphous sample. Fig. 4a shows the rst four cyclic voltammetry (CV) curves of the FeF 3 /C-700-3 h nanocomposite electrode at room temperature between 1.25 V and 4.5 V at a scan rate of 0.1 mV s À1 . It is clear that the CV curve of the rst cycle is quite different from those of subsequent cycles, particularly for the discharge part, which is likely to be ascribed to the occurrence of a side reaction on the electrode surfaces and interfaces. Moreover, it can be seen that there are no obviously sharp peaks, which may be attributed to the no precise oxidizing and reduction potential of the electrode materials. The electrochemical reaction mechanism of the FeF 3 electrode for SIBs involves two types of mechanisms: 21 intercalation reaction (where the reaction occurs above 1.8 V and Fe 3+ is reduced to Fe 2+ , delivering a capacity of 237 mA h g À1 ) and
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conversion reaction (where the reaction occurs below 1.8 V and Fe 3+ is reduced to Fe 0 with a capacity of 712 mA h g À1 ). Rate performance of FeF 3 /C-700-3 h nanocomposites was estimated at various current densities at 1.5-4.5 V (Fig. 4b) . These FeF 3 /C-700-3 h nanocomposites showed discharge capacities of 302. current density returned to the initial current density of 15 mA g À1 , the FeF 3 /C-700-3 h was restored to 185 mA g À1 , which reached 74% of its initial steady capacity. From these results, we can see that the FeF 3 /C-700-3 h delivered a high sodium storage capacity of 302.2 mA h g À1 at the rst discharge process.
Furthermore, it showed a discharge capacity of 73.2 mA h g À1 and a stable coulombic efficiency (near 100%) at a large current density of 1500 mA g
À1
. At the same time, it should be noted that the charge/discharge cycles at low current density show a high capacity but an unsteady coulombic efficiency, which may result from the reconstitution of amorphized FeF 3 electrode materials during a low current charge/discharge process. Fig. S4a (ESI †) shows representative rate charge/discharge voltage proles of FeF 3 /C-700-3 h at various current densities between 1.5 V and 4.5 V. It can be seen that the charge/discharge proles have no signicant voltage platform, which is in agreement with the CV results, which show that there are no prominent redox peaks in the charge/discharge process. It can also be seen that the average charge/discharge voltage values (approximately equal to the voltage value of the intersection of the charge/discharge curve every cycle) increased along with the increase in current densities. As shown in the cycled charge/ discharge voltage proles of FeF 3 /C-700-3 h (Fig. 4c) , we conrm that the sample delivers a very high sodium storage capacity of 280 mA h g À1 at a current density of 75 mA g À1 during the initial discharge process, but a relatively abnormal coulombic efficiency, which is caused by the irreversible capacity loss, including inevitable formation of SEI and other side reactions. This characteristic also agrees well with the CV results that the rst cycle curve is quite different from those of subsequent cycles. To further highlight the superiority of the FeF 3 /C-700-3 h for cathode materials of SIBs, we tested the cycle performance of the sample at a current density of 75 mA g À1 in the range of 1.5-4.5 V, as shown in Fig. 4d . The initial and the second discharge capacities of the FeF 3 /C electrodes were 286 and 227 mA h g À1 , respectively. The FeF 3 /C-700-3 h composites kept a high discharge capacity of 163 mA h g À1 aer 50 cycles, and a capacity of 126.7 mA h g À1 aer 100 cycles with a fading rate of about 0.45% per cycle, suggesting that the Na + insertion/ extraction process was quite reversible. To conrm the most optimal performance materials, we also prepared and tested the FeF 3 /C nanocomposites from the precursors at various other carbonization conditions, such as FeF 3 /C-500-3 h from the precursor of 500 C carbonization for 3 h, FeF 3 /C-600-3 h from the precursor of 600 C carbonization for 3 h, and FeF 3 /C-700-5 h from the precursor of 700 C carbonization for 5 h. The electrochemical performances of these electrode materials are shown in Fig. S4b and S5 (ESI †). It can be seen that the FeF 3 /C-500-3 h electrode showed an obviously poorer electrochemical performance than that of FeF 3 /C-700-3 h materials (Fig. S5a , ESI †); this poor performance resulted from the graphitizing degree of the precursor being insufficient. Though the FeF 3 /C-600-3 h cathode delivered a higher sodium storage capacity of 178 mA h g À1 at a current density of 30 mA g À1 , a relatively poor rate and cycling performance (Fig. S5b , ESI †) were achieved. The FeF 3 /C-700-5 h electrode delivered an excellent sodium storage capacity of 290 mA h g À1 at a current density of 30 mA g À1 compared to the FeF 3 /C-700-3 h one. However, it showed a poor coulombic efficiency, poor rate performance (Fig. S5c , ESI †) and poor cycle steady performance (Fig. S5d, ESI †) , which resulted from the Fe nanoparticles aggregating and from the porous carbon framework being destroyed at the excessive carbonization time. The above results can be veried from the SEM and TEM images of FeF 3 $3H 2 O/C-700-5 h nanocomposites (Fig. S6c-f , ESI †) as well as from the SEM images of its precursor Fe 3 O 4 /C-700-5 h (Fig. S6a and b, ESI †) . From the above discussion, it can be observed that the FeF 3 /C-700-3 h nanocomposites had the best comprehensive electrochemical performance for sodium ion storage. In order to intuitively reveal the electrochemical performance improvements of FeF 3 /C-700-3 h nanocomposites, the electrochemical performance of the FeF 3 /C-700-3 h cathode is also comparable to that of the previously reported FeF 3 electrodes [such as iron uoride/graphenes, RGOs, multi-walled carbon nanotubes (MWNTs), and single-walled carbon nanotubes (SWCNTs) composites] as summarized in Table S1 (ESI †). These results indicate that the electrochemical performance of FeF 3 /C-700-3 h nanocomposites is remarkably improved. The outstanding electrochemical performance of the FeF 3 /C-700-3 h electrode benets from the unique porous carbon coating framework and its amorphous structural nature. Due to the intimate contact of FeF 3 nanoparticles with the conductive carbon coating layers, the electrical conductivity of the FeF 3 electrode is largely improved. 37 The porous carbon layers can also hamper the growth and aggregation of FeF 3 particles and buffer the volume change during the charge/discharge process, providing short pathways for the transportation of sodium ions in the crystal structure of FeF 3 . 
Conclusion
To summarize, amorphous FeF 3 /C nanoparticles composited with a highly-graphitized porous branch-like carbon framework have been successfully fabricated from the precursors of uniform Fe-MOFs nanocrystals. The FeF 3 /C-700-3 h nanocomposites exhibit exceptional electrochemical performance with a high sodium ion storage capacity at low current density, an excellent rate performance at a current density of 1500 mA g À1 and good capacity retention over 100 cycles. The outstanding electrochemical features of the FeF 3 /C-700-3 h nanocomposite are attributed to its amorphous structure and highly-graphited porous carbon framework, which favors the ionic and electronic transport and the reaction kinetics of electrode materials. This study is expected to be useful for other energy storage materials.
